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Abstract 

Ordered orthorhombic Ti2NbAl-based titanium aluminide alloys have been 
found to have higher specific strength and fracture toughness with no loss in 
creep resistance relative to state of the art Ti3Al-based alloys. The specific 
strength of some Ti2NbA1-based (0 phase) alloys was a factor of two greater 
than comparable Ti3Al-base (a2) alloys , and the 0-phase alloys also had 
fracture toughnesses a factor of two higher. Quaternary addition of vanadium 
produced a room temperature tensile elongation of 18.8%. These vanadium­
modified 0-phase alloys had higher strength, better creep resistance and 
greater ductility than state of the art super-alpha titanium alloys. 

Introduction 

The low density and high strength of titanium aluminide alloys has made 
them attractive for elevated temperature aircraft and aerospace applications. 
Although the Ti3Al-based titanium aluminide Ti-24Al-11Nb has sufficient 
room temperature fracture toughness for engineering trials, higher fracture 
toughness and creep resistance have been needed to stimulate wider scale 
replacement of superalloys by titanium aluminide alloys [1, 2]. Higher 
specific strength and creep resistance titanium aluminides have been 
developed, but at the expense of room temperature fracture toughness [2-4]. It 
was found that the recently identified ternary ordered orthorhombic Ti2NbAl 0 
phase have both higher specific strength and higher room temperature 
fracture toughness than Ti3Al-based alloys [5-7]. 

The crystal structures of the Ti3Al (a2) and Ti2NbAl (0) phases are similar [8, 
9]. The ordered orthorhombic Ti2NbAl structure has a Cmcm symmetry and 
is only a slight distortion of the D019 structure . ·It differs in that one of the 
titanium subsites in the D019 structure is preferentially occupied by Nb in 
Ti2NbAl and randomly occupied by Nb and Ti in Ti3Al [8-10]. A distinct 
Ti2NbAl phase field has been established near 25 at.% Al with Nb content 
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Figure 1. Specific yield strength of Ti-22Al-27Nb and Ti-24.6Al-
23.4Nb relative to other titanium aluminide alloys and IN718. 

ranging from approximately 16 to 30 at.% Nb [11]. Lower aluminum alloys like 
Ti-22Al-27Nb have been shown to lie in a two phase 0 + ~o phase field [6]. 

Mechanical Property Comparisons: The specific yield strength (ratio of yield 
strength to density) of several titanium aluminide alloys and the high 
strength wrought superalloy IN718 are shown in Figure l.[2, 4, 6, 12, 13]. It 
can be seen that the order~d orthorhombic titanium aluminides such as Ti-
22Al-27Nb and Ti-24.6Al-23.4Nb have a considerable strength advantage over 
nickel-base superalloys and other titanium aluminides from room 
temperature to 650°C. The tensile strength of Ti-22Al-27Nb was 1290 MPa at 
650°C. Tensile curves of Ti-22Al-27Nb are shown in Figure 2. Ti-22Al-27Nb 
had good tensile elongation between room temperature and 650°C. 

In the direct aged condition, corresponding to the data in Figures 1 and 2, Ti-
22Al-27Nb had a microstructure fine Widmanstatten 0+~0 transformation 
structure with a low volume fraction of prior 0 phase [6]. Ti-24.6Al-23.4Nb also 
had a two phase 0+~0 microstructure, but with a very low volume fraction of ~0 
phase. It was not as strong as Ti-22Al-27Nb, but it had comparable room 
temperature tensile elongation. Greater dislocation homogeneity more of non­
basal slip activity has been observed in Ti2NbAl than in Ti3Al [14]. This may 
account for the ductility of the nearly single 0 phase alloy Ti-24.6Al-23.4Nb at 
room temperature. 
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Figure 2. Engineering stress vs engineering plastic strain curves 
for Ti·22Al-27Nb. 

Figure 3 is a compares the creep lifetime, room temperature tensile elongation 
and fracture toughness for several titanium aluminide alloys [15]. It shows 
the trade-off between creep resistance and low temperature ductility and 
fracture toughness for these alloys. The alloys, Ti-24Al-17Nb-1Mo, Ti-25Al-
10Nb-3V-1Mo and Ti-25Al-8Nb-2Ta-2Mo all had 0.2% creep lifetimes of from 3 
to 4 hrs at 650°C/315 MPa. Their fracture toughnesses were low, ranging from 
14 to 19 MPav'm; lower than that ofTi-24Al-11Nb which was 25 to 27 MPav'm. 
Beta heat treated Ti-24.6Al-23.4Nb which consisted of the ordered orthorhombic 
0 phase, also fit into the first group, but represented a large impro.vement in 
0.2% creep lifetime relative to the TisAI-based alloys. Its ductility at room 
temperature was 1.3%. 

The higher fracture toughness alloys Ti-24Al-17Nb-0.5Mo and Ti-22Al-27Nb · 
made up a second group. The fracture toughness of Ti-24Al-17Nb-0.5Mo was 
26 MPav'm, but its 0.2% creep lifetime of was only 1.3 hrs; less than that of the 
first group of alloys. It sacrificed creep resistance for higher fracture 
toughness. Ti-22Al-27Nb in the as heat treated and heat treated plus aged 
condition [5, 6] had fracture toughnesses of from 26 to 31 MPav'm, respectively, 
but creep lifetimes as high or higher than that of the creep resistant alloys Ti-
24Al-17Nb-1Mo, Ti-25Al-10Nb-3V-1Mo and Ti-25Al-8Nb-2Ta-2Mo. The 0.2% 
creep lifetime of Ti-22Al-27Nb at 650°C, 315 MPa was 4 hrs direct aged and 6 
hrs after additional aging for 100 hrs at 760°C. The ternary ordered 
orthorhombic Ti2NbAl-based alloys therefore achieved an increase in fracture 

345 



Cl Time to 0.2%, 650°C, 315 MPa 

E 32 -,,. r2l R.T. Tensile Elongation, % 
Ill 

!! at~ 
24 &:. c -

- 0: at=. 
C'I Ill c 
0 gi~ 1 6 
0 .2 :s -.o 

• Fracture Toughness, MPa-Jm 

• I-.Es. 8 I- 0 ... 
I- :s -u 

Ill ... 
LL. 0 

"" 
. =- "o 

. "" 0 ~ 
0 z z 

:Ii .. :Ii :Ii ... 
~ ": ~ ": .., 
N .i:. Ill 0 

"" ..:. z .:. .... .i:. c z 
c ... ":' N N ... 

'? .; ' z N ~ co ... "" ... ..:. .; 0 ":' z ":' .... :c 
": c ":' "' ~ N ... "' N c ~ 

N N ' c ... j:: .... ..:. ..:. .... "' ": .... .... ": .... .... 

Figure 3. Comparison of the time to 0.2% creep strain at 650°C, 315 MPa 
(interpolated for the samples identified'by an asterisk), total tensile elongation 
and fracture toughness of titanium aluminide alloys. 

toughness and strength without the sacrifice in creep resistance characteristic 
of high fracture toughness Ti3Al-based alloys. 

Effect of Vanadium Alloy Additions: The effect of quaternary vanadium 
additions to Ti2NbA1-based alloys was also studied. Vanadium additions 
produced a slight increase in the volume fraction of f30 phase for a given 
aluminum content, but there was evidence of vanadium alloying in both the f3 0 

and 0 phases. Ti-23.6Al-22.9Nb-l.OV, which was heat treated at 1200°C/2 hrs + 
900°C/600 hrs and water quenched, had approximately 50 v/o ordered 
orthorhombic laths in a f30 ordered beta matrix. The vanadium contents of the 
[30 and 0 phases were approximately 1.3 at.% and 0.7 at.%, respectively. 

Large increases in the room temperature ductility were produced by 
quaternary vanadium additions. Table 1 shows tensile properties of ternary 
and vanadium-substituted quaternary Ti2NbA1-based alloys. Room 
temperature tests were conducted in air; 650°C tests were in vacuum. The 
strain rate was 7xl0-4/sec. 

Addition of 5 at.% V to a Ti-22Al-25Nb base alloy increased the room 
temperature tensile ductility from 3.6% to 18.8% for direct aged samples. The 
microstructure of direct aged Ti-21.5Al-20Nb-5V consisted of a Widmanstatten 
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Table 1. Tensile properties of Ti-Al-Nb and Ti-Al-Nb-V alloys. 

Alloy and TEST %El 
Heat TEMP 0.2% YS UTS @ 

Treatment (oC) (MP a) (MP a) Failure 

Ti-21.9Al-24.1Nb R.T. 1257 1350 3.57 
815°C/4hr 650 1049 1177 13.48 

Ti-21.5Al-20Nb-5V R.T. 900 '1161 18.8 
815°C/24hr+ 760°C/100hr 650 684 772 16.5 

Ti-21.5Al-20Nb-5V R.T. 750 943 12.5 
1075°C+815°C/24hr+ 650 652 763 14.9 
760°C/lOOhr 

Ti-22Al-23Nb-1V 
815°C/24hr+760°C/100hr R.T. 1092 1308 8.8 

transformation structure of 0 laths in a ~0 matrix with some prior phase and 
allotriomorphic grain boundary phase, Figure 4. Its strength at room 
temperature and 650°C was lower than that of the ternary base alloy Ti-21.9Al-
24.1Nb by 25 to 35%, indicating that ductility gains were at the expense of 
strength. The tensile strength of Ti-21.5Al-20Nb-5V was as high or higher 
than that of ofTi-25Al-10Nb-3V-1Mo or Ti-2.4Al-17Nb-1Mo at room temperature 
and 650°C, however [2-4]. 

Addition of 1 at.% vanadium also had an effect. The 8.8% room temperature 
tensile elongation of Ti-23.6Al-22.9Nb-1 V was higher than that of the ternary 
base alloy Ti-21.9Al-24.1Nb. Its room temperature tensile strength was 1308 
MP a, close to that of the base alloy which was 1350 MPa. 

The room and elevated temperature tensile properties of the super-alpha. 
titanium alloyslMl834 and Ti-1100 [16, 17] are tabulated in Table 2. Ti-21.5Al-
20Nb-5V had nearly twice the room temperature elongation of both of these 
alloys, was stronger at room temperature, and was nearly twice as strong at 
650°C. 

The fracture toughness of a vanadium-modified Ti2NbAl-base alloy, Ti-21.5Al-
20Nb-5V, was determined using fatigue precracked bend samples. Two tests 
gave Kie values of 29.3 and 30.8 MPav'm (an average of 30.1 MPav'm). This 
fracture toughness was comparable to values obtained for the high fracture 
toughness alloy Ti-22Al-27Nb. 

The effect of vanadium on creep properties is shown in Table 3. The 0.2% creep 
lifetime for Ti-23.6Al-22.9Nb-1V at 650°C and 315 MPa was 2.1 hours compared 
to 6.1 hrs for Ti-24Al-23.3Nb. The alloy Ti-23.6Al-22.9Nb-1V had a lower. 
volume fraction of 0 phase than Ti-24Al-23.3Nb, and the difference in creep 
behavior may be partly due to the relative properties of 0 and ~o phases. The 
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Table 2. Tensile properties of super-alpha titanium alloys. 

SAMPLE TEST 
NUMBER TEMP 0.2% YS UTS %Elong 

(°C) (MP a) (MP a) Fail 

IMI834, 1045°C+1oo·c RT 959 1035 10.1 
IMI834, 1045°C+1oo·c 6.50 543 651 15.6 

Ti-1100, 590°C Direct Aged RT 897 987 10.5 
Ti-1100, 590°C Direct Aged 6.50 524 635 16.5 

Table 3. Creep properties of ternary and quaternary Ti2NbA1-based 
alloys at 650°C, 315 MPa. 

Alloy 

Ti-24Al-23.3Nb 
Ti-23.6Al-22.9Nb-1 V 

Heat Treatment 

1160C+815C 
1075C+815C+760C 

0.2% 

6.1 
2.10 

1% 

91.7 
39.10 

creep resistance of Ti-23.6Al-22.9Nb-1V was greater than that of Ti-24Al-17Nb-
0.5Mo which had a 0.2% creep lifetime of 1.3 hrs under the same conditions. 

Figure 4. The microstructure of Ti-21.5Al-20Nb-5V after extrusion and a 
heat treatment of 815°C/24 hr + 760°C/100 hr. 

Summary and Conclusions 

The ordered orthorhombic alloys based on the titanium aluminide Ti2NbAl 
represent a new class of titanium aluminide alloys which have higher 
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strength and higher fracture toughness than current Ti3Al-base alloys. Their 
most distinct characteristic was high specific strength· relative to other 
titanium aluminide and nickel-base superalloys, but alloying with vanadium 
produced alloys with as 'much as 18.8% room temperature tensile elongation. 
Tensile elongation of this magnitude is usually associated with disordered 
titanium alloys rather than titanium aluminides. The flexibility that is 
associated with the breadth of properties available in these alloys suggest that 
many aircraft engine applications may be possible with slight modifications of 
composition or processing to tailor the properties for each application. 
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